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NATIORAL ADVISORY COMMITTEE FOR AERONAUTICS

TESTS OF A TRIAWGULAR WING OF ASPECT RATIO 2 IN
THE AMES 12-FOOT PRESSURE WIND TUSNEL. I — THE
EFFECT OF REYNOLDS NUMEER AND MACH NUMEER ON THE
ATRODYNAMIC CHARACTERTSTICS OF THE
WING WITH FIAP UNDEFLECTED

By George G. Edwards and Jack D. Stephenson

SUMMARY

A semispan model of e wing of trilangular plan form and aspect
ratio 2 has been tested in the 12-foot pressure tunnel to determine
the aerodynamlc characteristics of the wing as influenced by the
independent effects of Reynolds number and Mech number up to Mech
numbers approaching unlty. The basilc airfoll profile was an uncem—
bered double wedge with maximum thickness of 5 percent of the chord
at 20 percent of the chord. The tests included an investigetion of
the effects of minor modifications to the airfoll profile and the
effect of addition of a fuselage.

Lift, drag, and pitching-moment dats are presented through the
angle—of—attack range at a Mech number of 0.18 for Reynolds numbers
between 5,000,000 and 27,500,000, Similar date are presented at a
Reynolds pumber of 5,300,000 for Mach numbers between 0.18 and 0.95.
Some data for high Mach numbers sre also inocluded at s Reynolds
number of 3,500,000.

The date presented in this report indieate no severs static
longltudlinal steblility problems to be encountered up to a Mech
number of 0.95. At & comstant Reynolds number of 5,300,000, & Mach
number ohange from 0.2 to 0.95 moved the aerodynamic cenbter rear—
ward a distaence of about 5 percent of the mean asrodynamic chord,
increesed the lift-curve slope 20 percent, and inoreased the mini-
mum drag 43 percent. The decrease in maximum lift-drag ratic due
to increasing Mach nvmber was smaller than might be expected due %o
a8 reduotion 1n the rate of rise of drag with 1ift. .

There was & chenge 1n the type of flow eround this triangular
‘wing at low speeds at & 11ft coefficlent of sbout 0.7, which caused

JEETTRTE D
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a sudden forward shift in the center of pressure. Inoreasing Mach
number increased the magnitude of this movemend. but also delayed
ite onset to higher 1ift coefficlents. *

Increasing Reynolds number from 5,000,000 to 27,500,000 at a
constant Mach number of 0.18 caused a sizeable decrease in the
drag but had little effect on the 1ift or the pitching moment.

The addition of a fuselage reduced the meximum lift—drag ratio
and the lift-curve slope and resulted in a nominal increase 1in the
drag. It also caused a slight forward shift of the aerodynamio
center. The fuselage tended to reduce the severity of the center-
of-pressure shift which was evident from the results of the tests
of wing alone.

Minor modifications to the airfoll section had only a small
effect on the aerodynamic properties of the wing.

INTRODUCTION

Of the wing plan forms suitable for flight at moderate super—
sonic speeds, triangular wings combine the structural efficiency
of low aspect ratio and high taper with the serodynemic efficiency
of a highly swept-back leading edge. Theoretlcal calculations
have shown that by judicicus selection of wing profile end thick—
negg ratio 1t is possible to attain lift-drag ratlos at Mach
numpers up to 1.5 which are sufficlently high to Indicate that
f£light at this Mach number 1is practical with such a wing plan form
(references 1, 2, and 3).

Consideration of the available low-speed data on low-aspect—
ratio pointed wings has indicated that the landing end take—off
problems, especially with respect to stabllity and control, may be
less mevere than those encountered with the more efficient super—
sonic plan forms combining high sweep with high aspect ratlo.

As part of a general program of systematioc research on super—
sonic airplane configurations at the Ames Aercnautical ILaboratory,
tests have been conducted in several different research facllities
to determine the aerodynamic properties of trilangular wings over a
wide range of Mach numbers and Reynolds numbers. The results of
tests at 1.53 Mach number of a triangular wing of aspect ratio 2.0
have shown reasonable agreement with theory and indicate that the
supersonic performance of an airplane equipped with a triangular
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wing is sufficiently attractive to warrant e more thorough investi—
gation.

The present series of tests in the 1l2-—foot pressure wind tumnel
is aimed at development of a trianguler wing baving satisfactory
characteristica at Mach numbers approaching unity with reasonsable
assurance that the configuration will continue to be satisfactory
at supersonic speeds. This report presents resulte of that portion
of the Investigation designed to establishk the subsonic aerodynamic
characteristices of the wing with undeflected flap as influenced by
the Independent effects of Reynolds nurber and Mach number. The
effect of minor modifications to the wing profile and the effect of
the addition of & fuselege are slso included,

SYMBOLS
The followlng symbols are used iIn this report:

Cr, 1ift coefficient ( li?)
a

Cp drag coefficient (a—flé&&)

Cn pltching-moment cocefficient sbout quarter—chord polnt of
the wing meen aerodynamic chard P"t"hi;gc’fmnt)

M Mach number <§)

R Reynolds number (%’—')

where

s wing area, squere feet

ct wing mesn asrodyramlc chord, feet

c  locel chord, feet

q ' dynamic pressure, pounds per squere foot (F0V2)

P mass denslty of alr, slugs per cuble foot
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v airspeed, feet per second

73 viscosity of eir, slugs per foot second

a spe_ed. of sound, feet per second

a angls of attack of wing chord line, degrees

TEST FACILITIES

This investigation was conducted in the Ames 12-foot pressure
wind tunnel which is & closed—throat, varlable—denslity wind tumnel
having a nominal test section diamster of 12 feet. The circular
test section has been modified by the addition of four equally
spaced flat sections of 4=foot chord.

The density of the alr in the tunnel is contlinuously varilable
from 1/6 to 6 times atmospheric demsity. Sufficient power 1s
avallable to choke the wind tumnel at all tunnel pressures less
than 0.40 of an atmosphere, allowing Reynolds numbers at choking
up to 1,500,000 per foot. With a pressure of 6 atmospheres, a
Reynold.e nunber of 10,000,000 per foot is attainable at & Mach
number of 0.25. 'This control of air denality permits Reynolds
number and Mach number to be va.ried. independently without recourse
to change in model ailze.

The bturbulence level in the wind tunmnel 1s exceptlonally low,
closely approaching that of free alr. The moisture content of the
air is maintained at all times below 0,0010 pounds of water per
pound of air,

Force—test data are obtalned with a slx—component lever—type
balance. The desired Mach number ls malntained through the use of
a speclally cellbrated Mach number indlicator.

MODEL

The semispan model used in this Investigatlon represented a
triangular wing of aspect ratio 2.0. The originael alrfoll profile
was an uncanmbered double wedge wilith & maximm thlckness of 5 per—
cent of the chord at 20 percent of the chord. The model, which
was constructed of solid steel, had a 3-foot semispen and a 6-foot
root chord as shown in figure 1. Two successlve modifications were
made to the alrfoil section. The first of these consisted in
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rounding the rldge line, or line of meximum thickness, for a dis—
tance of 5 percent of the local chord (r = 0.3222c). Following
tests of thls configuretlion, the leading edge was rounded to a
radius of 0.0025c. The majorlity of the tests were made with thils
modified profile. The wing conditions resulting from these pro—
gressive modifications, which involved slight changes in airfoll
thickness ratlio and plan form as shown in figure 1, are herelnafter
referred to as wing condition A, B, or C.

The model was egulpped with a full-span, constent—chord flap of
which the ares aft of the hinge line was 20 percent of the total
wing erea. The flap had a radius nose and the unsealed nose gap
was 0.028 inch. The flap was attached to the alrfoll by means of
three hinges and restrained at the inboard end by a flap-angle
indexing bracket and & strain-gage unit. For the present series of
tests the flap was undeflected,

The wing model was also tested with a semifuselage mounted
directly to the wing. The body dimensions and its location with
respect to the wing are shown in figure 2. The body was fitted
tightly to the wing with no flllet at the intersection.

The semispan model was mounted vertically in the wind tumnnel,
with the floor of the tunnel serving as & reflection plane. FPhoto—
graphs of the modsl installation are shown in figures 3 and k. The
rotating turntable upon which the modsl was mounted was connected
directly to the force-—msasuring apparatus. Where the model
extended beyond the turnteble, the gap between the model and the
tunnel floor was maintained betweer 0.010 inch and 0.150 inch. No
attempt was made to remove the tunnel boundary layer which at the
location of the model had & displacement thickness of 0.5 inch.

CORRECTIONS TO DATA

The data have been corrected for the effects of tunnel-well
interference, constriction due to the tunnel walls, model—support
tare forces, and flap deformation.

Tunnel-Wall Interference

Corrections to the data due to tunnel—wall interference have
been evaluated by the method of reference 4. The computations were
slightly altered to take into account the effects of sweep. The
introduction of a sweep factor decreased the correction over that



for an equivalent unswept wing by 8 percent.

applied were:

Ao = 0.7222 Cf,

ACp, = 0.0107 Cr2
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No correction was applled to the pltching-moment data.

Blockage

The corrections

The constriction effects due to the p;:'esence of the tunnel

walls have been evaluated by the method of reference 5.

This

method has not been modified to allow for the effect of sweep. The
magnitude of the correction applied to the Mach number and to the
dynamic pressure 1s lllustrated by the following table:

Uncorrected Mach Nunber 9, corrected
Corrected q, uncorrected
Mach number
Wing alone Wiﬁgd;nd Wing alone Wigg d;nd
m_====ﬂ=
0.95 0.933 0.912 1.017 1,052
.93 .518 .899 1.013 1,043
.90 .892 877 1.009 1.034
.85 845 .835 1,006 1.02k
.80 T97 .790 1,00k 1.018
.5 .T48 .T43 1,003 1.015
.70 .699 695 1,012
.60 —_— — 1.010
.50 —_— — —_— 1.008
Tares

Tare corrections for the alr forces exesrted on the exposed
surface of the turntable have been applied to the drag data.
tere drag coefficient, obtained from turnteble drag meesurements at
each test condition with the model removed from the tumnel, was
found to decrease slightly with increasing Reynolds number.
the range of test Reynolds numbers, the tere drag coefficlent

The

Over
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varied from 0.0028 to 0.0032 for the wing alone and from 0.0018 to
0.0022 for the wing with the fuselage. In the latter tares an
allowence has been made for the reductlon in the exposed area of the
turntaeble with fuselage installed. No attenpt was made to evaluate
the possible Interference effects between the model and the turn—
table or the effect of the gap between the surface of the turntable

and the tunnel wall.

Induced Flap Deflection

A correction to the datae was requlred as & result of angular
deflection of the flap from lts zero setting due to aerodynamic
loads., This deviation in flap angle resulted from deflection of
the flap hinge-moment strain-—gage member and deformation of the
flap~angle indexing bracket. Soms anguler distortion was also
observed on the flap itself. Since the load distribution on the
wing and flap was not known, & test was conducted in which the flap
deflsction was measured under actual condlitions of aerodynamic
loading. Three light beams were utilized, projected to mirrors
attached to the flap at three spanwlse positions. Reflected light
cagt from the mirrors to calibrated scales on the tunnel wall per—
mitted sccurate deformation data to be obtalned while the tunnel
was 1in operation. This deformation was correlated with the
measured flap hinge moments. The effects of small flap deflections
on the aerodynamic characterisilics of the wing were then ascertained,
and, on the basis of these tests, all 1ift, drag, and moment data
were corrected to represent those of the wing with undeflected fliap.

TESTS

Lift, dreg, and pltching-moment date have been obtained over
the angle—of-attack range with the flap set at zera deflection. At
Reynolds numbers of approximately 3,500,000 and 5,300,000, data
were obtalned over a range of Mach numbers up to a maximum of 0.95.
At a Mach number of 0.18, the range of Reynolds numbers was from

5,000,000 to 27,500,000.

The angle—of—attaeck range for the tests of the wing alome was
from —10° to +30°, At the higher Mach numbers, the angle range was
reduced either by tumnel power limltatioms or by vibration of the
flap. TFor tests with the wing-body combination, the angle—of—
attack ranges was limited to * 180,
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RESULTS AND DISCUSSION

Before the present series of tests was underteken, considerable
data were available on the effects of small profile modifications
on the characterlatics of a triangular wing at supersonic speeds
and at speeds corresponding to landing and take—off, These data and
theoretical considerations had shown that the most satisfactory pro—
flle would possess a finite leading—edge radius with the line of
maximum thickness swept behind the Mach cone. On the assumption
that rounding of the ridge line would permit slightly more favor—
able pressure recavery and a somewhat smaller thickness ratio with
no increase in wlng stress, i1t was declded, for the present series
of tests, to concentrate on a modified double—wedge profile incor-
porating both a leadling-edge radius and a rounded ridge line. This
wing profile, condition C, was the only profile tested in the
presence of a body and the date for this profile are presented fivat,

Effect of Reynolds Number

The aerodynsmlc cherecteristics of the wing alone are presented
in figure 5 for Reynolds numbers from 5,000,000 to 27,500,000 at a
Mech number of 0.18. In general, the effect of Reynolds number at
thls Mach number is emmll. Increasing the Reynolde number caused
no change in wing 1ift but resulted in a slight rearward shift of
the wing aserodynamic center and & decrease in the minimum drag.

These data indicate & rather abrupt change in the flow around
the wing at a 11ft coefficlient of 0.7. This change in the type of
flow, which has previously been obaerved and discussed in reference
6, caused slight disturbances in the 1lft, and resulted In an abrupt
shift in the center of pressure. Increasing the Reynolds number had
no effect on the 1lift coefficlent at which these disturbences

occurred.

The variation ¢f maximm lift-drag ratlio and minimum drag with
Reynolds number is shown in figure 6. The meximum value of L/D
increased from 10.6 at a Reynolds number of 5,000,000 to 13.0 at a
Reynolds number of 27,500,000, but the 1lift coefficilent at which 1t
occurred is Indicated to be independent of Reynolds number. The
ninimum drag coefficient decreassed £rom 0.0071 to 0.005T7 due to
increasing Reynolds number fram 5,000,000 to 27,500,000.

The value of meximm lift-drag retlio 1s somewhat higher and
the velue of minimum drag comsiderably lower than those for a
comparable Reynolds number reported in reference 7. The reason for
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this discrepancy is not known. The prdsent method of establishing
tares neglects any effects of interference between the modsl and the
turnteble. It is not immediately apparent how interference betwsen
these two compoments could be favorable. The effect of the tummel
boundary layer could, however, result in drag data which are too low.
Consldering the area of the model to be reduced by the tunnel—empty
boundary-layer—displacement thickness results in only a b-percent
Increase 1n the measured drag.

Effect of Mach Number

The effects of Mach number on the asrodynamic characterlstics
of the wilng alone are presented 1n filgures T through 10 for Mach
numbers from 0.18 to 0.95 at a Reynolds number of 5,300,000, The
1ift curves of figure T(a) show smooth end orderly Mach number effects
up to a Mach number of 0.95. The piltching-momsnt curves of figure
7(b) show a progressive increase with Mach number of the 11f%t coeffi—
clent at which the sudden shift in the center of pressure occurs.
The resulting disturbance to the 1ift and the magnitude of the shift
in center of pressure becomes more severe at the higher Mech nuwbers.

In figure T(c), drag data for several Mach numbers are ccmpered.
These data show that, while the minimum drag Increased with increas—
ing Mech number, the drag due- to 11ft becomes less as the Mach number
is increased. )

These Mach number effects are summarized in figure 8, which
shows 1if%t, drag,end pitching moment es functlons of the Mach number.
The effect of Mach pumber on the wing lift—curve slope and on the
location of the aserodynamic cernter is shown in figure 9. The lift—
curve slope increased about 0.0l per degree due to lncreasing the
Mach number from 0.2 to 0.95. The reduced lift—curve slope measured
at 1ift coefficlents neexr zero 1s characteristlic of wings of this
low aspect ratic. There is e rearward shift of the aerodynamic cen—
ter (at zero 1ift coefficient) from 39.5 percent to 4l percent of the
mean aerodynsmic chord as the Mach number 1s Increased from 0.2 to
OI%.

As indicated in figure 10, the minimm drag coefficlent
remained constent at about 0.0070 up to 0.5 Mach number and then
increased graduslly with Mach number to 0.0102 at a Mech number of
0.95. The maximum lift-drag ratio, also shown in figure 10,
dscreased from & maximm of 11.2 at 0.5 Mach number to 9.6 at 0.95
Mach number. Above a Mach pumber of 0,5 the 1lift coefflcilent for
maximum 1ift—drag ratio incoreased gradually with Mach number. At
this point 1t should be noted that the trend of drag coefficient
with Mach number may have been influenced by alr leakage through
the gap between the burnteble and the tunnel. The early omset of
minimm drag rise with increasing Mach number may be the result of
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a chenge 1n alr—leakage effects with Mach number. Such leakage
effects, if they were present, might also have caused a reduction
in the rete of increase of lift-curve slope with increasing Mach
numbex,

In discussing the reliablility of these test data et Mach num—
bers above 0.90, consideration must be given to the magnitude of
the constriction effects and the proximity of the test Mach number
to the choking Mach number. The blockage or constrlcotion correctiom,
as has been pointed out, is not rigorous inssmuch as it is based
wholly on model volume and weke and has not been corrected for the
offects of sweep or the effects of model-tunnel configuration. The
choking Mach number of the tunnel with wing alone has been camputed
to be 0.972. Actually, choking of the tumnel with the model
installed ocecurred at a corrected Mach number of 0.975. Thig 1s no
confirmation of the validlity of the blockage correction, since the
same correction 1s applied to both computations. However, a
limited quantlity of date has been obtalned at a computed Mach
number of 0.962 which agrees wilth the trends of the curves which
are presented herein up to a Mach number of 0.95.

If the Mach numbers indlcated on these figures are slightly
higher than the actual values due to the comstrictlon corrections
being too large, there 1s still every evidence that abrupt force
breaks do not occur with this wing plan form and that the Mach
nuwber effects indicated in this report would not change markedly
at a true Mach number of 0.95.

Effect of Reynolds Number at High Mach Rumber

At the highest Mach number for which data are presented
(M = 0.95) it was possible to vary the Reynolds number from
3,500,000 to 5,300,000, Data cbtained at these two extremeas of
Reynolds mumbers at Mach numbers ranging from 0.6 to 0.95 indi-
cate no discernable effect of Reynolds number (fig. 11). There 1s
reesgon to belleve that Reynolds number effects may be appreclable at
high Mach numbers and Reynolde numbers in the region of 1,000,000.
Further tests are deslrable to extend the range of Reynolds numbers
et high Mach numbers to values lower than 3,500,000.

Effect of Body

The effects of Reynolds number and Mach number on the character-
istice of the wing-body combination are shown in figures 12, 13,
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and 14. Comparison of the data with those for the wing alone indi—
cates an increase in the minimum drag coefficlent due to addition of
the fuselage of about 0.0044 for all Mach numbers up to 0.9. AL
0.93 Mach number the increase wes 0.0040 and at 0.95, it was 0,0055.
Comparisons of the lift, drag, and pliching-moment data for the wing
alone and the wing-body combination are shown in figure 15 for a
Mach number of 0.18 and a Reynolds number of 15,000,000.

Figure 16 presents the variation of lift—curve slope and sero—
dynamic center with Mach number for the wing with a fuselage and
for the wing alone. As shown, addition of the fuselage reduced the
lift—curve slope an amount depending on the Mach number and the
1ift coefficient. It also resulted in a forward shift in the
location of the aserodynemic center (sbout 1.5 percent M.A.C.),
although the change In statlic margin due to Increasing Mach number
remained the same as for the wing alome.

The variation of lift—-drag ratio with 1ift coefflclent at
several Mach numbers 1s presented in figure 17. Comperlson of the
curves for the wing alone and the wing-body comblnatlon shows a
reduction in maximm lift-drag ratio due to addition of the body of
about 2.1 throughout the range of Mach numbers.

As previously mentioned 1n the discussion of the wing-alone
results, the veriation of minimum drag and lift—curve slope with
Mach number mey have been influenced by air-leakage effects.

The Effect of Wing-Profile Modification

The effects of minor variations to the alrfoll sectlon of the
triangulsr wing are shown in figures 6, 10, and 18 through 20. The
effect of replacing the finlte nose radius with a sharp leadling
edge (condition B) was to slightly decrease the minimum drag end
cause a somewhat more rapid increase of drag with 1ift (fig. 19).
There was no significent effect of nose radlus on the maximum 1Ift—
drag ratio (figs. 6 and 10). At a Mech number of 0.18, the sharp
leading edge had little effect on the 11ft coefficient at which the
discontinulty in the moment curves occurred, but it caused a more
abrupt and larger shift In center of pressure. At Mach numbers
above 0.3 however, the sharp leading edge not only increased the
1iPt coefficlent for the moment shift but alsc tended to reduce the
severity of the discontinuity.

Replacing the rounded ridge lines with sharp ridges lines,
coambined with sharp leading edge (condition A), had no significant
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effe¢ct on any of the wing characteristics.

CONCLUDING REMARKS

The resulis of wlnd—tunnel tests of a semlispan model of a tri-
angulsr wing of aspect ratio 2 have been presented. The tests were
conducted to determine the separate effects of Mach number and
Reynolds number on the aerodynamlc cheracteristics of the wing alone
and the wing in combination with & Ffuselage. Also included were
tests to determine the effect of rounding the leading edge and the
ridge lines of the baslc uncambered double-wedge pProfile.

Data obtalined for a range of Mech numbers from ¢.2 to 0.95 at
a cohstant Reynolds nuimber of 5,300,000 indicated the following:

1. 'There was a smooth, orderly lncrease in static-longitudinal
stablility with increasing Mach number, the aerodynamlc center moving
aft a distance of 5 pereént of the mean amerodynamic chord.

Py The sudden forward shift of the center of pressure, which
occurs at a 1lift coefflcient of about 0.7 at low speed, was
increased in magnitude and delayed to higher 1ift coefficlents at
the higher Mach numbers. . ,

3. At a Mach number of 0.95, the lift-curve slope had Increased
20 percent and the minimm drag 43 percent over the low-speed value.

The effects of Reynolds number as dstermined from these tests
may be summarized as follows:

1. In a range of Reynolds numbers from 5,000,000 to 27,500,000
at a sonstant Mach number of 0.18, an increase in Reynolds number
decreased the minimum drag and inhcreased the lift-drag ratio, butb
had little effect on the 1ift or the pitching moment.

2. In the range of Reynolds numbers fram 3,500,000 to
5,300,000 at high subscnic Mach numbers, no scale éffects were
indicated. .

The addition of a Puselage reduced the maximum 1ift--drag ratio
and the lift—curve slope and resulted in a nominal increese in the
drag. It also caused a slight forward shift of the aerodynamic
center. The fuselage tended to reduce the severity of the center—
of«pressure shift which was evident from the results of the tests
of wing aléne.
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Minor modificatlons to the airfoil section had only a small

effect on the asrodynamic properties of the wing.

Ameg Asronsutlical TLaboratory,

Netlional Advisory Commlttee for Asronsutics,
Moffett Field, Calif.
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Note: Dimensions shown in inches
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Figure 2.- The wing-body combination lested in he 12-fool

pressure wind tunné.
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NACA RM No. ATKO05 Fig. 3,4

Figure 3.— Semispan wing, condition C, mounted in the 12-foot
pressure wind tunnel.

Filgure 4.— Semispan wing-body combination mounted in the 12—
foot pressure wind tunnel.
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Figure 5.- The effect of Reynolds number on the aerodynamic
characteristics of a friangular wing al a Mach number
of 0.18.
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Lift coefficient , G,
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Figure 6.-The effeet of Reynolds number on the maximum

lift-to-drag ratio and minimum drag of a friangular wing
at a Mach number of O./18 for three wing-profile conditions.
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NACA RM No. ATKO0S5 Fig. 8 a
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Figure 8.- The effect of Mach number on the lift,drag,and
pitching—moment coefficients of a triangular wing at a
Reynolds number of 5,300,000.



Fig. 8b - NACA RM No. ATKO05
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NACA RM No. A7KO05 Fig.
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Reynolds number of 5,300,000.



Fig. 1¢ NACA RM No. A7KO05
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NACA RM No. ATKO0S5 Fig. 16
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NACA RM No. ATKO05 Fig. 19
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Fig. 20 ¢ NACA RM No. ATKO5
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